ABSTRACT-The present study was undertaken to test whether long term adminis tration of HEBP could prevent the progress of bone loss induced by ovariectomy in rats. Administration of HEBP was started from day 111 after ovariectomy. The ani mals received subcutaneous injections of HEBP, at a dose of 0, 2, 4, or 8 mg/kg, eve ry other day for 92 days. Tibiae, femora and incisor teeth were investigated by chem ical analyses and by contact microradiography. Effects on calcium, phosphorus, and alkaline phosphatase activity in the plasma were also examined. Progress in the loss of bone density and ash content caused by ovariectomy was prevented by the administra tion of 2 mg/kg HEBP for 92 days and was partially prevented by the administration of 4 mg/kg. At a dose of 8 mg/kg, however, HEBP did not prevent the bone loss but, rather, potentiated it. These chemical findings were qualitatively confirmed by contact micro radiography. A dose-dependent inhibition was observed in the mineralization of incisor dentin. These results suggest that HEBP, at least at low dose levels in which the inhibition of mineralization is not predominant, has a potency to prevent the prog ress of bone loss induced by ovariectomy. At higher doses, however, this compound seems not to be effective, because of the severe inhibition of mineralization.
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1-Hydroxyethylidene-1,1-bisphosphonate (HEBP) has been used for the treatment of various pathological conditions characterized by increased bone destruction such as Paget's disease (1) (2) (3) (4) (5) (6) , tumoral bone destruction, and hypercalcemia of malignancy (7, 8) . The thera peutic usefulness of HEBP in these diseases has been indicated by various experimental studies. In growing rats, HEBP blocks the re sorption of bone and cartilage so that the metaphysic becomes radiologically more dense than normal (9) (10) (11) . 45Ca kinetic studies (12) as well as studies of 45Ca release from cul tured calvaria (13) have shown that this com pound inhibits bone resorption in a dose dependent fashion. HEBP also reduces bone resorption which has been induced by various other means. Thus, HEBP blunts the effect of parathyroid hormone (14) and inhibits tumoral invasion of bone, various types of tumoral hypercalcemia and periodontal destruction (15) (16) (17) (18) .
However, many studies have shown that HEBP at higher doses not only inhibits bone resorption but also retards the mineralization of normal calcified tissues and causes accu mulation of unmineralized osteoid tissues in bone and cartilage (9-11, 19, 20) . HEBP has also been reported to inhibit the mineraliza tion of dentin which does not remodel (21, 22) .
The fact that HEBP inhibits both bone re sorption and mineralization raises the question of whether this compound could cause an actual increase in bone mass and whether it can be used against osteoporosis. So far, HEBP has been tested on a number of ex perimental osteoporosis models; In low doses, HEBP prevented bone loss induced by im mobilization (23) (24) (25) (26) (27) (28) , by heparin (29) , and by a low calcium diet (28) . In human studies, a series of so called coherence therapies have been performed by cyclic short period dosing of an activator of bone resorption before or together with HEBP (30) (31) (32) (33) . Although the results are still controversial, it appears that the administration of HEBP can lead to an in crease in bone mass.
The present study was undertaken to test whether long term administration of HEBP could prevent the progress of bone loss in duced by ovariectomy in rats. We also ex amined the effect of HEBP on the mineraliza tion of dentin in order to estimate the effec tiveness of the compound on bone mineraliza tion in the ovariectomized rat.
MATERIALS AND METHODS
Forty-four female Sprague-Dawley rats, aged 6 weeks, were purchased from Shizuoka Animal Center (Hamamatsu, Japan). One week later, 14 rats were given a sham opera tion (OVE(-) control rats) and 30 rats were ovariectomized under ether anesthesia. To establish bone loss in ovariectomized rats, all the animals were maintained for 110 days under regulated 12 hr/12 hr light-dark illu mination cycles at a constant temperature (23 ± 1°C) and humidity (50 ± 10%). During the course of the experiment, they were fed stand ard laboratory chow (CE-2, Nihon Crea Co.
Ltd., Tokyo) containing 1.16% calcium and 0.98% phosphorus, ad libitum. On day 110 after the surgical operations, 7 sham-operated rats and 6 ovariectomized rats were killed by bleeding from the abdominal aorta and served as the pre-treatment controls. On day 111, the remaining 24 ovariectomized rats were divided into 4 groups, and administration of HEBP was started. Each group of 6 rats was injected subcutaneously with HEBP (Sumitomo Phar maceutical Co., Ltd., Osaka, Japan) at a dose of either 0 (OVE(+) control rats), 2, 4, or 8 mg/kg every other day for 92 days. For the OVE(+) control rats, 0.9% NaCl solution was injected. The rats were weighed at appropriate times during the course of the ex periment. At the end of the experiment, plas ma was collected from the abdominal aorta under light ether anesthesia. After killing the animal by bleeding, tibiae, femora, maxillae, and mandibulae were dissected from each animal and then stored in 10% formalin satu rated with magnesium carbonate.
Plasma calcium and phosphorus concentra tions were determined using an atomic absorp tion spectrophotometer (Type 180-60, Hitachi, Tokyo) and the method of Chen et al. (34) , respectively. For the determination of calcium, plasma was diluted with lanthanum-HC1 to eli minate phosphorus interference in the sample. Alkaline phosphatase activity in the plasma was determined by the previously described method (35) .
After dissecting femora from adhering soft tissues, their volumes were measured by the method described by Saville (36) . The femora were then defatted with chloroform/ethanol (1 : 1) solution, dried in an oven at 110°C for 12 hr, and then ashed in a muffle furnace at 900°C for 6 hr. Maxillary incisors were dis sected from the maxillae, and then they were dried, weighed, and ashed in the same way as were the femora. The ash was dissolved in 1 N HCI, and calcium and phosphorus concentra tions were determined in the same way as in plasma.
Tibiae and mandibulae were dehydrated by means of a graded series of ethanol solutions, and then they were embedded in polyester re sin (Ligorac, Nissin EM Inc., Tokyo). Frontal sections of proximal tibia and transverse sec tions of incisor dentin at the first molar region of mandibulae, all with a thickness of 50 ,u m, were prepared using a thin sectioning machine (Type CT-1, Kosaka Laboratory, Ltd., Tokyo), followed by manual grinding with whetstones and abrasive papers. Contact mic roradiographs of the ground sections were taken using a soft X-ray apparatus (Sofron, Koken Co., Ltd., Tokyo).
Statistical differences between the treatment groups were estimated by Duncan's test. *P < 0.05, **P < 0 .01, statistical difference from the ovariecto mized control group at corresponding times.
RESULTS
Body weight (Fig. 1) Increases in the body weight in OVE(+) control rats were significantly higher than those in OVE(-) control rats. On day 202, the mean body weights ± S.E.M. in OVE(-) control rats and OVE(+) control rats were 317± 10 (n=7) and 382±89 (n=6), re spectively. The increase in body weight caused by the ovariectomy was prevented by the administration of HEBP at a dose of 8 mg/kg. At doses of 2 and 4 mg/kg, this compound did not have any statistically significant effects on the body weight.
Calcium, phosphorus, and alkaline phospha tase activity in the plasma (Table 1) The effects on calcium, phosphorus, and alkaline phosphatase activity in the plasma are shown in Table 1 . Neither ovariectomy nor administration of HEBP had any significant effect on biochemical parameters in the plas ma.
Mineral content in femur and incisor (Tables 1  and 2) Ovariectomy induced a marked decrease in the ash content of the femur 110 days after the surgical operation. The mean ash weights per unit bone volume (A/V) in OVE(+) control rats was 94.0% of that in OVE(-) control rats on day 110 and decreased to about 92% on day 202 (Tables 1 and 2 ).
The administration of 2 mg/kg HEBP re versed the decreased ash content to the same level as that in the OVE(-) control rats on day 202. At the dose of 4 mg/kg, the mean value for ash content was still higher than that in the OVE(+) control rats, but the differ ence was not statistically significant. At the dose of 8 mg/kg, the ash content of the femur was almost the same as that in OVE(+) con trol rats.
Both calcium and phosphorus content per unit dry weight of femur were decreased by the administration of HEBP for 92 days at doses of 4 and 8 mg/kg, as compared with those in the OVE(-) control rats. The de creases in phosphorus were larger than those in calcium. The effects of HEBP on the ash, calcium, and phosphorus content of the maxil lary incisors are shown in Table 1 . The ash content per unit dry weight was decreased by the administration of HEBP at the dose of 8 mg/kg as compared with the content in OVE(-) or OVE(+) control rats. Neither ovariectomy nor the administration of HEBP had any significant effect on the calcium con tent of the incisor. As to the phosphorus con tent, however, ovariectomy induced a signifi cant increase, and administration of HEBP at the dose of 8 mg/kg induced a significant de crease in the mean value. Contact microradiographs of proximal tibiae on day 110 after the ovariectomy are shown in Fig. 2 . Decrease in bone density in the pro ximal tibiae, caused by ovariectomy, were already observed before HEBP administra tion; the density of cancellous bone in the epiphysis and that of trabecular bone in the metaphysis were much less than those in the OVE(-) control rats. Contact microradio graphs of proximal tibiae on day 202 after the ovariectomy are shown in Fig. 3A . Further de creases in the bone density of the proximal tibiae were observed. However, the decreased bone density was reversed to the normal level of OVE(-) control rats by the administration of 2 mg/kg HEBP (Fig. 3A, c) . At a dose of 4 mg/kg, bone densities in the epiphysis and metaphysis were still higher than those in OVE(+) control rats (Fig. 3A, d ). At the dose of 8 mg/kg, a series of transverse lines with low mineral density appeared in the metaphysis, and a widening of unmineralized growth cartilage due to the inhibition of en dochondral ossification was observed. In addi tion, cylindrical-shaped metaphyses, which was caused by the inhibition of resorption at the periosteal surfaces in the metaphysis, were observed. An accumulation of osteoid tissue was also observed in the metaphysis.
Contact microradiographs of dentin trans verse sections are shown in Fig. 3B . Ovariec tomy appeared not to have any effect on the dentin formation (Fig. 3B, a and b) . HEBP, on the other hand, caused a dose-dependent inhibition of mineralization in the incisor de ntin (Fig. 313, c, d and e) ; At a dose of 2 mg/kg, a series of slightly radiolucent layers appeared in the dentin. The contact micro radiographs showed the presence of regularly spaced alternating layers of low and high radiolucency which surrounded the dental pulp in a concentric fashion. At the dose of 4 mg/kg, the radiolucency of each hypomineral ized layer increased. It seems that each layer of low mineral density corresponds to inhibi tion of mineralization after each injection of HEBP and is followed by a recovery period.
At the dose of 8 mg/kg, not only severe hypo mineralized layers, but also marked partial arrest of dentin accretion, which led to an irregular contour of the dentin, were observed in all of the specimens examined. 
DISCUSSION
In the present study, we examined the chro nic effect of HEBP on the formation of bone and incisor dentin in ovariectomized rats which is known to be a useful experimental model of osteoporosis (37) (38) (39) (40) (41) (42) . Ovariectomy caused a decrease in the trabecular bone mass in the tibia and the ash content in femur. It also caused an increase in body weight which is one of the prominent features of ovariec tomy and has been posturated to provide par tial protection against the development of osteopenia in the long bones (41) . In this study, a high dose of HEBP (8 mg/kg), but not lower doses, prevented the body weight increase normally observed after ovariectomy. The reason why this prevention occurred is not known, since HEBP has been reported to have lower subacute and chronic toxicity. The main significant side effects reported so far are the inhibition of mineralization of the skeleton as shown in this study and an increase in plas ma phosphate in humans (3, 43) . The latter effect, however, has not been found in any other animal species including rats. It is prob able that the prevention of the increase in the body weight after the high dose of HEBP might, at least partially, be due to the inhibi tion of mineralization in the skeletal tissues which must lead to a decrease in the total weight of skeletal tissues in the body.
In the present study, we demonstrated that bone loss after ovariectomy was prevented by the administration of HEBP at a low dose. This result was consistent with Shiota's pre vious observation that 0.5 mg/kg/day of HEBP counteracted the bone loss caused by ovariectomy (28) . There are some differences between Shiota's experiment and ours in terms of the timing and the length of HEBP admin istration; Shiota started HEBP treatment just after the ovariectomy and continued the treat ment every day for 6 months, while we started the treatment 110 days after the ovariectomy, when the bone loss had already developed, and we continued the treatment every other day for 3 months. Since the total dose of HEBP given in Shiota's experiment was nearly the same as in our experiment using 2 mg/kg of HEBP (Shiota's data: 0.5 mg/kg X 6 months, present data: 2.0 mg/kg X 3 months/2), we can conclude that HEBP has the potency not only to counteract bone loss, but also to prevent the progress of bone loss induced by ovariectomy.
HEBP at higher doses, however, did not prevent the bone loss, but rather potentiated it. The contradictory effect of HEBP on bone density might be explained as follows: HEBP inhibits both bone resorption and mineraliza tion in a dose-dependent fashion (9 -12). However, it has been shown that the dose re sponse curves for these processes are not par allel, especially in higher doses. Gasser et al. (12) reported that with high doses of HEBP, when the mineralization of bone and cartilage matrix was impaired, calcium balance became less positive, because bone mineralization fell more than bone resorption and a decrease in bone mineral ensued. This might be a perti nent explanation of the results observed with 8 mg/kg of HEBP in the present study. At this dose, severe inhibition of mineralization was observed in the growth cartilage and in incisor dentin. A substantial amount of osteoid accu mulation was also observed in the tibial metaphysic.
The hypomineralization caused by higher doses of HEBP was accompanied by a de crease of phosphorus in the bone and in the incisor teeth of the ovariectomized rats. This suggests that the mineral deposited into bone and teeth following high doses of HEBP was not of the usual quality and had a higher Ca/P ratio than normal. Francis (44) and Francis et al. (45) have shown that bisphosphonates have effects very similar to those of pyrophosphate on the behavior of calcium salts in vitro. Thus, bisphosphonates inhibit the precipitation of calcium phosphate from solution and block the transformation of amorphous calcium phos phate into hydroxyapatite. If HEBP in vivo also blocked the phase transformation of cal cium phosphate crystals into stable hydroxy apatite, a decrease in minerals with lower Ca/P ratios might result, since calcium phos phates such as brushite and octacalcium phos phate have lower Ca/P ratios than hydroxy apatite. However, this seemed not to be the case. The mechanism underlying the decrease in the phosphorus content of the bone and teeth remains to be elucidated.
In the present study, incisor dentin was ex amined to assess the effect of HEBP on the mineralization. The advantage to using dentin was that the drug effect on the mineralization can be separated from the effect on bone re sorption, since no resorbing process is in volved in the dentin formation in contrast to bone. Thus, in the present study, the inhibi tory effect of HEBP on the mineralization could be readily detected in the dentin even at a low dose (2 mg/kg). In contrast, the effect on mineralization was not evident in the bone tissues, although it became evident as the dose of HEBP became higher. In this sense, incisor dentin could be expected as a simple and use ful material for evaluating drug effects on mineralization.
In summary, the present study demon strated that long term administration of HEBP at low doses is fairly effective for preventing the progress of bone loss induced by ovariec tomy. However, if excessive doses are admin istered, inhibition of mineralization, as has previously been described (9) (10) (11) (12) 
